Exchange of orbital angular momentum between Laguerre-Gaussian beam of light and center-ofmass motion of an atom or molecule is well known. In this letter, we show that orbital angular momentum of light can also be transferred to the internal electronic or rotational motion of an atom or a molecule provided the internal and center-of-mass motions become coupled by lightatom or light-molecule interaction. However, this transfer does not happen directly to the internal motion, but via center-of-mass motion. If atoms or molecules are cooled down to recoil limit then an exchange of angular momentum between the quantized center-of-mass motion and the internal motion is possible during interaction of cold atoms or molecules with Laguerre-Gaussian beam. The orientation of the exchanged angular momentum is determined by the sign of the winding number of Laguerre-Gaussian beam.
Two decades after the pioneering work of Allen and coworkers [1] showing that Laguerre-Gaussian (LG) beams carry well defined orbital angular momentum (OAM), the role of this OAM in interactions of such beams with an atom or a molecule remains an open question. OAM of light usually interacts with the external center-of-mass (c.m.) motion of an atom [2, 3] . In contrast, light polarization which is spin angular momentum of light can interact with the internal electronic motion of an atom. Many researchers have predicted that the field OAM can be transferred to the internal motion of an atom [4] [5] [6] [7] [8] or a molecule [9] [10] [11] in electronic dipole or quadrupole transitions, while some works [12, 13] have shown that the field OAM does not interact with molecular chirality. Applications have been proposed based on direct coupling of field OAM to the internal motion [4, 7, 8, 11, [14] [15] [16] [17] or to the c.m. motion only [18] [19] [20] . The transfer of field OAM to c.m. motion of optically trapped particles (optical spanner effect) [21] [22] [23] and Bose-Einstein condensates [24, 25] is well known. But the experiments so far seem to contradict direct coupling of field OAM with internal motion [26, 27] . It is therefore important to understand how light OAM takes part in light-atom or light-molecule interaction. The OAM of light is associated with the spatial inhomogeneity of field over the beam cross-section. The question we address here: Can an electron in an atom or a molecule feel the spatial variation of the field during its orbital motion?
We consider a LG beam without any off-axis node propagating along z axis of laboratory frame interacting with a cold atom or a cold molecule whose c.m. wavefunction has extension as large as comparable to the wavelength of the light but smaller than the waist of the beam. The atom or molecule experiences a local field of the type [6, 10, 11] 
where r ′ ⊥ is the projection of r ′ on xy plane. l and w 0 are the winding number and the waist of the beam, respectively; and φ ′ is the azimuth.
a. The atom-radiation interaction: We consider the simplest atomic system composed of a nucleus of positive charge (mass) +e ( m n ) and an electron of negative charge −e ( m e ). For simplicity, the spin of the particles is ignored. The center of mass coordinate of the atomic system is R c.m. = (m e r e + m n r n )/m t with m t = m e + m n being the total mass, r e and r n the coordinates of the electron and nucleus, respectively. The Hamiltonian of the atom-field system is H = H 0 +H I,atom where H 0 is unperturbed atomic Hamiltonian and
is the interaction Hamiltonian derived in Power-ZineauWooley (PZW) scheme [9, 10, 28] . P(r ′ ) is the electric polarization given by
where relative coordinate (internal) r = r e − r n . Substituting Eqs. (3), (4) and (5) into Eq. (2), H I,atom can be separated into dipole and quadrupole parts as given by
The dot products of the type r
In paraxial approximation, the E z component is negligible. Equation (6) shows that within electric dipole approximation the polarization of the field interacts with the electronic motion and the field OAM interacts only with the external c.m. motion as also demonstrated by several authors [2, 4, 6, 9] . The first term in Eq. (7) implies that in electric quadrupole transition, the field OAM is coupled to the c.m. motion only and the extra unit of angular momentum in electronic motion results from the quantized c.m. motion of the atom as in Ref. [2] . Our calculation shows that either of the terms (|l| + l) or (|l| − l) is nonzero depending on the sign of l. The quadrupole transition matrix element is given by M ) depends on the external potential that traps the atom and the internal electronic wavefunction ψ(r) can be considered to be a Gaussian type orbital [34] . of this angular momentum is the same as that of the field OAM. We have assumed that w c.m. ≫ w e . Hence, the transition probabilities become insignificant for higher order multipole transitions unless the intensity of beam is very high.
b. The molecule-radiation interaction: We consider a diatomic molecular ion, e.g., H mass (charge) m 1 (+e) and m 2 (+e), and one electron m e (−e) as schematically shown in Fig.1. A 
where r e r e · ∇ r [6, 10] . The normalization constant is N l,m = 4π/(2l + 1)(l + m)!(l − m)!. Using the expression of r e and translation property of solid spherical harmonics [10, 11] , Eq. (10) 
The second term of Eq. (9) shows that one unit of angular momentum is transferred from external c.m. motion to the internal rotational and electronic motion of the molecule. If we retain only first two terms in Eq. (9) and carry out the integration over λ, we get dipole interaction Hamiltonian as given by
The transition matrix element of the dipole interaction Hamiltonian (12) is
where
It is clear from Eq. (12) and (13) that the c.m. motion can couple with the internal motion in interaction of LG beam with diatomic molecule even within electric dipole approximation. In case of homonuclear (nonpolar) molecules, r = 0. Thus Eq. (12) clearly shows that rotational and vibrational motion of non-polar molecules can not be influenced by OAM of LG beam.
In conclusion, we have studied the interaction of LG beam with an atom and a diatomic molecule. We have found that if the atom or molecule is cold enough for its c.m. motion to be quantized, then an angular momentum exchange can take place between c.m. and internal motion of the system. Atomic and molecular dimensions are far too small compared to the core size of the LG beam. However, if the atom or molecule is cooled down to its recoil limit such that the spread of its c.m. wavefunction is comparable to the wavelength of the beam, then it can feel the spatial variation of the electric field along the radial direction. The interaction with LG beam of Eq.
(1) ensures that the orientation of the angular momentum transferred from c.m. to internal motion is same as that of the field OAM. We have shown that the sign of winding number of LG beam determines the orientation of angular momentum transferred from external to internal motion. Our calculations clearly show that the extra angular momentum (other than that coming from the polarization of the field) to internal motion is coming from the quantized c.m. motion. It may be possible to observe this effect with ultra-cold atoms or molecules interacting with LG beam as suggested by Van Enk [2] twenty years ago. One potential application of the discussed effect can be thought of in quantum information processing using entangled angular momentum observables belonging to the same atom or molecule. Muthukrishnan and Stroud [18] have shown the entanglement between electronic and c.m. degrees of freedom of a cold atom interacting with LG beam. They have considered electric dipole interaction where the field OAM couples to c.m. only and the field polarization couples to electronic motion. If the c.m. motion is allowed to couple with the internal degrees of freedom through laser-generated synthetic gauge field [35] then it is possible to realize transfer of light orbital angular momentum into the internal motion in otherwise similar experimental scenario of Ref. [18] . This will provide a new avenue for entanglement manipulation in angular degrees-of-freedom. In this context, it is encouraging to note that the entanglement between electronic and vibrational degrees-of-freedom is already produced for an ion in a linear trap [36] which can be a suitable system to explore the effect predicted in this paper. Our calculations further suggest that the quantized c.m. motion can couple to electronic motion in electric quadrupole interaction. The situation is even more interesting in case of molecule. Eq. (12) suggests that the c.m., electronic, rotational and vibrational motion can be coupled in interaction with LG beam even in electric dipole approximation.
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